Abstract. epidermal growth factor receptor-tyrosine kinase inhibitors (egfr-tKis) have shown promising effects against the growth of non-small cell lung cancer (nSclc) cells harboring egfr mutations (egfr-mts). However, many patients with nSclc that are accepted for egfr-tKi treatment followed by chemotherapy possess an unknown egfr status including wild-type egfr (egfr-wt). little is known about the potential effects of egfr-tKi treatment prior to chemotherapy. We investigated the effects and underlying molecular events of 4 weeks of continuous exposure to egfr-tKis in the egfr-wt nSclc line H1299. this treatment dramatically increased the ic 50 of several relevant chemotherapeutic agents: cisplatin (DDP) (29.25±6
Introduction
non-small cell lung cancers (nSclcs) with activating mutations in the tyrosine kinase domain (tKD) of egfr have been reported to exhibit 'oncogene addiction' to reflect their dependence on egfr-mediated malignant biological behavior (1, 2) . Several clinical trials have shown that epidermal growth factor receptor-tyrosine kinase inhibitors (egfr-tKis) (e.g., gefitinib and erlotinib) are the best front-line options for patients with sensitive egfr mutations (egfr-mts), resulting in a 2-3-fold prolongation of survival time compared with standard chemotherapy (3) (4) (5) . for patients with wild-type egfr (egfr-wt) status, data from randomized trials suggested that some of these patients will derive a modest benefit from these agents.
Currently, first-line use of these agents should be restricted to egfr-mt-positive patients as a clinical practice guideline in the treatment of nSclc (6) . in practice, however, some egfr status-unknown patients might also benefit from empirical use of initial treatment with egfr-tKis.
Most patients with NSCLC are diagnosed at stages Ⅲ and Ⅳ (7) . For those with advanced lung cancer that cannot be removed surgically, chemotherapy or molecular-targeting treatments are typically recommended.
it has been reported that egfr-mts creating sensitivity to egfr-tKis are more common in asian populations, particularly in patients with lung adenocarcinoma (8) . fine-needle aspirates for diagnosis, which are now commonly used, are often insufficient for molecular analysis. accordingly, a number of technical issues may confound the analysis of egfr-mts. in addition, >60% of nSclcs show overexpression of egfr (9) , and numerous investigations have shown that egfr-tKis can inhibit tKD activation of egfr-wt in vitro. Moreover, many nSclc patients are more inclined to undergo egfr-tKi treatment because they fear chemotherapy toxicity, especially patients with poor eastern cooperative oncology group (ecog) performance status. in view of this, some oncologists usually offer egfr-tKis as a tentative treatment lasting for ~1 month in these patients.
although details of subsequent treatments and response rates for chemotherapy (as the second-line treatment) following first-line egfr-tKi treatment in patients with egfr-wt nSclc are not available from the iPaSS and first-Signal trials, the overall survival (oS) advantage of patients with standard first-line chemotherapy indirectly suggests that prior treatment with egfr-tKis might result in unwanted effects (8) . The TORCH study, a phase Ⅲ trial performed in unselected nSclc patients, most of whom were egfr-wt, addressed a sequence question by using a crossover design that compared first-line erlotinib followed by cisplatin (DDP)-gemcitabine at progression and comparing this with the reverse strategy (10) . this study found that starting with erlotinib not only decreased the objective response rate (orr), but also led to worse survival in egfr-wt nSclc patients (moS: 6.5 vs. 9.6 months). Moreover, a retrospective study to investigate the prognosis of patients with nSclc receiving second-line antitumor treatment after gefitinib therapy showed that no survival benefits from platinum-based combination regimens existed in patients with egfr-wt nSclc (11) . These findings led us to investigate whether initial EGFR-TKI treatment has an adverse effect on the sensitivity to subsequent chemotherapy of egfr-wt nSclc, and to explore the underlying mechanisms.
the tentative treatment may increase the risk of patients with egfr-wt having an unfavorable prognosis, including a significantly reduced total progression-free survival (PFS) and OS. Here, we describe the first study focusing on the effectiveness of chemotherapy following continuous exposure of egfr-wt nSclc to egfr-tKis in vitro.
Materials and methods
Reagents. rPMi-1640 medium, fetal bovine serum, trypsin, penicillin and streptomycin were obtained from gibco/life Technologies (Shanghai, China). Gefitinib (iressa) was provided by astraZeneca (london, uK), erlotinib (tarceva) was a gift from Roche Pharmaceuticals (Basel, Switzerland), pemetrexed (alimta) and gemcitabine (gemzar) were a gift from eli lilly and company (indianapolis, in, uSa). DDP and paclitaxel (taxol) were purchased from Sigma-aldrich (St. louis, Mo, uSa). the drugs were dissolved in dimethyl sulfoxide (DMSo) or sterile water and diluted in culture medium before use. NSC 74859, an inhibitor of signal transducer and activator of transcription 3 (Stat3) was purchased from Selleck chemicals (Houston, tX, uSa). ly294002, aS605240 and leptomycin B an inhibitor of nuclear export were purchased from Sigma-aldrich. recombinant human egf was purchased from BioLegend (San Diego, CA, USA).
Cell culture and long-term exposure to TKI. the nSclc cell lines, HCC827 [lung adenocarcinoma with an acquired mutation in the EGFR TKD (E746-A750 deletion)], NCI-H1299 (established from a lymph node metastasis of the lung from a patient who had received prior radiation therapy and with EGFR-wt) and NCI-H1975 (primary adenocarcinoma harboring EGFR L858R and T790M mutations) were purchased from the american type culture collection (ATCC) (Manassas, VA, USA) and maintained in rPMi-1640 medium supplemented with 10% FBS and antibiotics. We also established a model of egfr-tKis exposure of lung cancer by culturing H1299 in 10 µM gefitinib and 5 µM erlotinib respectively for 4 weeks as well as H1975; HCC827 was incubated in 2 µM gefitinib for 6 months.
Growth inhibition assay. the number of viable cells was estimated using the cell counting kit-8 (Dojindo, Kumamoto, japan) assay that provided effective and reproducible determination of the proliferative activity of cells. Human cells were seeded into flat-bottomed 96-well microplates at a density of 10 4 cells/well in 100 µl of culture medium and allowed to attach to the wells overnight before 100 µl medium containing 2x indicated concentration of egfr-tKis, with or without a Stat3 inhibitor, was added to each well. after 24 h, the media were separately replaced with fresh medium containing each cytotoxic drug (pemetrexed, gemcitabine, DDP, paclitaxel) which dissolved at variously gradient concentrations. cells were treated with chemotherapeutic drugs for 48 h. controls without cytotoxic drug exposure were included in each experiment. five replicate wells were used for each drug concentration and each experiment was carried out independently three times. to measure the proliferative activity of cells in 96-well microplates, ccK-8 reagent was added (20 µl/well) and incubation continued for 2 h. absorbance of the reduced formazan was measured at 450 nm using a microplate reader (Multiskan MK3; thermo Fisher Scientific, Inc., Waltham, MA, USA) with a reference wavelength of 650 nm.
Caspase-3 activity assay. caspase-3 activity was determined after treatment of cells with tKi and cytotoxic drugs as described for the growth inhibition assay. cell lysates were prepared by the PathScan Sandwich eliSa lysis buffer and the activity of caspase-3 was determined using a caspase-3 activity assay kit (both from cell Signaling technology, inc., Danvers, Ma, uSa) that assesses cleavage of the fluorogenic peptide. after treatment with cytotoxic drugs, cells (including those loosely attached to the plate) were collected and rinsed with ice-cold PBS. The fluorescence of cleaved AMC was assessed after 1 h at 37˚C incubation in the dark. Caspase-3 activity values were calculated from a standard curve generated by using varying concentrations of aMc (Microsoft excel; Microsoft, redmond, Wa, uSa).
FACS analysis and apoptosis assay. cells were fixed in ice-cold 70% ethanol and stained with propidium iodide (50 mg/ml in PBS; Sigma-aldrich) in the presence of rnase a (100 mg/ml) for DNA content analysis by flow cytometry using a facScalibur system (BD Biosciences, San Diego, ca, uSa). for each data point, 8,000 cells were analyzed. the percentage of cells in various phases of the cell cycle was calculated using FlowJo software version 7.6.1 (tree Star, inc., ashland, or, uSa). apoptosis was quantified using an Annexin V-FITC Apoptosis kit (BD Biosciences) in accordance with the manufacturer's instructions. in brief, cells were trypsinized, pelleted by centrifugation (1,500 rpm for 5 min, Heraeus Multifuge X3; Thermo Fisher Scientific, inc.) and resuspended in Annexin V-binding buffer. FITC-conjugated Annexin V and propidium iodide were added to cells and incubated for 30 min at room temperature in the dark. analyses were done on a facScalibur system (BD Biosciences) and flowjo software version 7.6.1 (Tree Star, inc.)
Preparation of nuclear and cytoplasmic protein extracts. nuclear extracts from cells were isolated using a nuclear and cytoplasmic Protein extraction kit in accordance with the manufacturer's instructions (Beyotime Institute of Biotechnology, Jiangsu, China). In brief, cells were washed in ice-cold PBS then collected and resuspended by pipetting up and down 10 times in 200 µl of ice-cold cell lysis buffer. after resting on ice for 15 min, nuclei were pelleted in a microcentrifuge (Sorvall legend Micro; thermo fisher Scientific, Inc.) at 12,000 rpm for 5 min at 4˚C and the cytoplasmic supernatants were aliquoted and stored at -80˚C for western blot analysis when needed. Pelleted nuclei were then resuspended in 50 µl of nuclear extraction buffer. after intermittently vortexing (vortex 30 sec, rest 30 sec) the mixing for 30 min and centrifugation at 12,000 rpm for 10 min at 4˚C, nuclear extracts were aliquoted and stored at -80˚C until use. the concentration of proteins in the cytoplasmic and nuclear extracts were measured using a BCA Protein Assay kit (Beyotime Institute of Biotechnology).
Western blot analyses. cells were lysed using the PhosphoSafe extraction reagent (Novagen; EMD Biosciences, San Diego, ca, uSa) supplemented with a cocktail of protease inhibitors and 1 mM phenylmethylsulfonyl fluoride (Sigma-aldrich). Protein extracts were heated in protein loading buffer (Beyotime Institute of Biotechnology) at 95˚C for 5 min and separated by SDS-Page. after electrophoresis, separated proteins were electrotransblotted onto a PVDF membrane and then blocked using 1% BSA in TBS-Tween-20 for 2 h at room temperature. The membrane was incubated overnight at 4˚C with a primary antibody prior to use of a horseradish peroxidase (HrP)-labeled secondary antibody, and visualization of bands by chemiluminescence, recorded with X-OMAT BT film [Kodak (China) Co., Ltd., Fujian, China]. Details of the primary antibodies used are given in Table Ⅰ .
Xenograft model. Female nude mice with a BALB/c genetic background were purchased from Huafukang Biological Technology Co., Ltd. (Beijing, China). Mice aged 4-6 weeks, 18-22 g in weight, were maintained under specific pathogen-free conditions with 12-h light/12-h dark cycles at 26-28˚C and 50-65% humidity in the Experimental Animal centre of the Sichuan university State Key laboratory of Biotherapy (Sichuan, China) for these experiments. Each five animals were housed in plastic containers with lids. All animals were checked daily; containers were changed once a week during the entire length of the experiment. animal feed and underpad, which were purchased from the Huafukang Biological Technology Co., Ltd., were autoclaved and vacuum packed. the water was sterilized and then adjusted to room temperature before use. H1299 cells were used for the xenograft experiment. in brief, H1299 cells (1x10 7 cells/each mouse) were implanted subcutaneously in the right axilla of nude mice. Drug treatments were started on day 28. Gefitinib (100 mg/kg) or erlotinib (100 mg/kg) was given by oral gavage 5 times/week. in total three treatment cycles were conducted. each treatment group contained 10 mice. Mice were euthanized by cervical dislocation, and tumor tissues were rapidly dissected; part of them flash-frozen in liquid nitrogen, for later protein extraction, the others formalin-fixed 24 h and then paraffin-embedded. All procedures were approved by the animal care and use committee of Sichuan university.
Immunohistochemical staining. the formalin-fixed paraffin-embedded tissue samples of the tumor were cut into sections of 4 µm, which were mounted on silanized slides. The sections were deparaffinized in xylene then rehydrated through a graded series of ethanol/water. antigen retrieval was accomplished using pH 6.0 sodium citrate buffer (0.01 M) and microwave heating for 10 min at 95˚C. After cooling, the sections were incubated with a primary antibody at 4˚C overnight (Table Ⅰ) . The PowerVision 6000 immunohistochemistry detection reagent (ZSJQ Biotechnology, Beijing, China) was used as a second antibody by incubating for 1 h at 37˚C and 3,3'-diaminobenzidine (DAB) was used as a chromogen. Hematoxylin was used as a nuclear counterstaining agent.
Cytokine assays. egfr-tKi-exposed or parental cells were plated in their respective growth media at 1x10 5 cells/well and incubated overnight for attachment. the media were replaced with fresh serum-free medium for serum-starved and egfr-tKi-exposed (parental cells without egfr-tKis).
after 48 h of egfr-tKi exposure, conditioned medium was then harvested and stored at -80˚C. Culture medium incubated without cells served as the control. the conditioned medium was thawed and centrifuged briefly before assay.
Quantification of IL-6 and -22 in cell culture supernatants was carried out using an eliSa Development kit (Quantikine colorimetric Sandwich eliSas; r&D Systems, Minneapolis, Mn, uSa) in microplate format, measuring absorbance at 450 nm and with wavelength correction at 570 nm for correct optical imperfections in the plates.
Immunoprecipitation. the physical interaction between Stat3 and egfr was detected by immunoprecipitation. cells were lysed in non-denaturing lysis buffer containing 20 mM tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, supplemented with a protease and phosphatase inhibitor cocktail (nos. P8340 and P0044; Sigma-aldrich). Samples were precleared with rabbit igG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). each sample supernatant was then incubated with antibodies at a dilution ratio indicated in the instructions at 4˚C overnight with gentle agitation. the samples were further incubated with 40 µl of Protein a/g PluS agarose beads (Santa cruz Biotechnology, Inc.) for 4 h at 4˚C and the resulting immune complexes were washed three times with lysis buffer by centrifugation (800 rpm, 3 min). Samples were heated in SDS loading buffer at 95˚C for 5 min and analyzed by western blot analysis. 
Results

Continuous exposure to EGFR-TKIs induces chemoresistance to cytotoxic agents in EGFR-wt NSCLC cell lines.
to investigate the effects of egfr-tKi exposure on chemotherapy, egfr-wt NSCLC H1299 cells were continuously treated with gefitinib or erlotinib for 4 weeks. chemosensitivity to DDP, paclitaxel, gemcitabine or pemetrexed in these nSclc cells, both parental and tKi-exposed was evaluated. for each cytotoxic drug, the ic 50 values obtained from TKI-exposed cells were significantly higher than from the parental cells (Fig. 1A , Table Ⅱ ). The difference was especially marked for gemcitabine after continuous exposure to tKi for 4 weeks. to further assess the chemoresistance induced by tKi exposure, we assessed apoptosis induced by cytotoxic drugs. the proportion of apoptotic cells (including early and late phase) labeled with Annexin V(+) was decreased in all three tKi-exposed cell lines compared with their parental lines ( fig. 2a) .
We also measured the caspase-3 activity of H1299 cells, and detected the expression of cleaved poly(aDP-ribose) polymerase (ParP) by western blot analysis. High levels of active caspase-3 and proteolytic cleavage of ParP are two characteristic biochemical markers of apoptosis. the level of active caspase-3 induced by each of the four cytotoxic drugs was attenuated after tKi exposure compared with the parental group (Fig. 1B) . The cells pre-exposed to TKI for 4 weeks showed a reduced level of cleaved ParP when treated with cytotoxic drugs compared with their parental cells (Fig. 2B) .
TKI exposure induces high-level activation of STAT3 in
EGFR-wt NSCLC cells. to gain insights into the mechanisms underlying the resistance of cytotoxic agents after tKi exposure of egfr-wt nSclc cells, proteins of the egfr signaling pathway were detected by western blot analysis. given that egfr signaling activation stimulates intracellular cascades, including the MaPK, Pi3K/aKt, and Stat signaling pathways (12,13), we analyzed the activity of several major egfr were treated with DDP (10 µM), paclitaxel (1 µM), gemcitabine (40 µM) and pemetrexed (20 µM) for 24 h and subjected to caspase-3 assay. P, parental; g, gefitinib-exposed; E, erlotinib-exposed; G+N, Gefitinib-exposed + 24 h NSC 74859; E+N, Erlotinib-exposed + 24 h NSC 74859. Data are shown as mean ± SD; * P<0.05; statistical difference: one-way ANOVA/Dunnett's test, compared with the parental group. Experiments were repeated three times. Data are shown as mean ± SD. Experiments were repeated three times. P, parental; G, gefitinib-exposed; E, erlotinib-exposed; G+N, gefitinib-exposed + 24 h NSC 74859; E+N, erlotinib-exposed + 24 h NSC 74859; DDP, cisplatin; Taxol, paclitaxel; Gemzar, gemcitabine; Alimta, pemetrexed.
downstream molecules: aKt, MaPK family (erk, p38, jnK), Stat3, etc. (fig. 3) . interestingly, we observed that phosphorylated AKT and STAT3 (at both Ser727 and Tyr705 sites) levels were substantially increased after exposure to tKi for 4 weeks, compared with parental H1299 cells. However, there was no significant increase in the level of the other phosphorylated molecules including erk, p38, jnK and mtor. to investigate the relationship between aKt and Stat3 in the signal pathway, we used two Pi3K inhibitors together (ly294002, 2 µM and aS605240, 10 nM) and Stat3 inhibitor (NSC 74859, 20 µM) to treat H1299 parental cells with or without egf (50 ng/ml). Pi3K inhibition was associated with a significant reduction in P-AKT regardless of adding EGF or not, whereas level of P-STAT3 (Tyr705) showed obvious upregulation. conversely, after incubation of Stat3 inhibitor, P-STAT3 (Tyr705) was considerably decreased, whereas P-aKt upregulated ( fig. 4a ). our data indicated that these two molecules were compensatory to each other in H1299 parental cells. to further investigate the relationship between these two proteins, along with exposure of tKi, we analyzed P-Stat3 and P-aKt expression in tKi-exposed cells. our study revealed interesting data on these two molecules interaction (Fig. 4B) . Similar to parental cells, PI3K inhibitors result in a downregulation of P-aKt and increase of P-Stat3, while NSC 74859 treatment resulted in downregulation of both P-Stat3 and P-aKt. these data suggest that egfr-tKis figure 2. analysis of apoptosis and cell cycle phase in cultured non-small cell lung cancer (nSclc). (a) the apoptotic incidence for four chemotherapeutic agents [10 µM cisplatin (DDP), 1 µM paclitaxel, 10 µM gemcitabine or 5 µM pemetrexed] after 48 h exposure of H1299 cells in five pre-treatment groups as indicated (P, parental; G, gefitinib-exposed; E, erlotinib-exposed; G+N, gefitinib-exposed + 24 h NSC 74859; E+N, erlotinib-exposed + 24 h NSC 74859). Data are shown as the mean from three independent experiments. * early apoptotic cells, P<0.05; # total cells positive for Annexin V, P<0.05. Statistical difference: One-way ANOVA/Dunnett's test, compared with the parental group. Representative graphs obtained by flow cytometry analysis after double staining with Annexin V-FITC and propidium iodide. (B) Effect of chemotherapy on poly(ADP-ribose) polymerase (PARP) cleavage. H1299 parental and tKi-exposed cells were incubated with four chemotherapeutic agents for 48 h (10 µM DDP, 1 µM paclitaxel, 40 µM gemcitabine or 20 µM pemetrexed), separation of cell proteins (30 µg) by SDS/Page and reaction with antibodies against cleaved ParP. gaPDH was used as a loading control. (c) the cell cycle phases (g0/G1, G2/M and S phase) of both parental and TKI-exposed NSCLC cells were analyzed by flow cytometry using propidium iodide staining of Dna content.
exposure results in role changes of Stat3 and aKt by which Stat3 becomes a regulator of the aKt signal. this also indicates that Stat3 plays a more important role in response to egfr inhibition in egfr-wt nSclc cells.
to further assess the involvement of Stat3, we isolated nuclear and cytosolic fractions for immunoblotting assays. as shown in fig. 5 , a basal level of Stat3 was detectable in the nuclei of H1299 parental cells, as well as in the cytosol. extracts from cells exposed to tKi for 4 weeks showed decreased cytosolic Stat3 and increased nuclear translocation.
to validate whether P-Stat3 increased in egfr-wt nSclc in vivo, we established a model using tumor xenografts with subcutaneously implanted H1299 cells. the tumor-bearing mice were gavaged once daily with gefitinib (100 mg/kg) or erlotinib (100 mg/kg) for 4 weeks. the levels of P-STAT3 (Tyr705) and P-STAT3 (Ser727) as well as total Stat3 in tumors were analyzed by western blot analysis ( fig. 6a) and immunohistochemistry (Fig. 6B) . Consistent with the results obtained in vitro, we observed increased levels of P-STAT3 (Tyr705) and P-STAT3 (Ser727) in xenografts exposed to egfr-tKis in comparison to the group gavaged daily with normal saline.
STAT3 activation results in chemoresistance by increasing anti-apoptotic signals, cell cycle arrest and epithelial-mesenchymal transition (EMT) in EGFR-wt NSCLC cells.
to determine the role of Stat3 in chemoresistance caused by tKi exposure, we first examined the effect of Stat3 inhibition with the pharmacological inhibitor NSC 74859 on sensitivity to the four cytotoxic agents. Stat3 inhibition induced by 24 h incubation with 20 µM NSC 74859 greatly recovered the cytotoxic effect of the different cytotoxic agents as indicated in fig. 1a . We also found that caspase-3 activity induced by cytotoxic agents had a significant recovery after STAT3 inhibition by NSC 74859 (Fig. 1B) . Moreover, flow figure 3. tKi exposure results in activation of signal transducer and activator of transcription 3 (Stat3). Western blot analyses for several important proteins of the egfr signaling pathway and their phosphorylated forms using site-specific antibodies in both parental and TKI-exposed cells. GAPDH was used as a loading control. H1299 cells were treated with TKI (gefitinib, 10 µM; erlotinib, 5 µM) for 4 weeks. P, parental; G, gefitinib-exposed; E, erlotinib-exposed. . 2a) . therefore, targeting Stat3 with a specific inhibitor actually reversed chemoresistance, and this indicates that Stat3 activation may play a vital role in altering the signal pathways operating after tKi exposure in egfr-wt nSclc cell lines.
to explore the potential mechanisms underlying Stat3 activation-induced drug resistance, we assessed the abundance of proteins of several Stat3-targeted genes (Fig. 7) . the expression levels of four anti-apoptotic proteins (Mcl-1, Bcl-2, Bcl-xL and survivin) were greater in H1299 cells following prolonged tKi exposure. this suggests that activating Stat3 by prolonged tKi exposure impairs the ability of cytotoxic agents through the effects of these anti-apoptotic proteins. The levels of, P27Kip1, c-Myc and cyclin D1 also were measured; both cyclin D1 and c-Myc became less abundant, whereas increased level of P27KIP1 was detected in cells exposed to TKI. These findings may explain the G1-S phase arrest by tKis ( fig. 2c ). in addition, we also observed that P-STAT1 (Tyr701) levels in all three TKI-exposed cell Western blot analyses of proteins that are anti-apoptotic, induce cell cycle arrest, and induce epithelial-mesenchymal transition (eMt). gaPDH was used as a loading control. P, parental; G, gefitinib-exposed; E, erlotinibexposed. figure 5 . Signal transducer and activator of transcription 3 (Stat3) is a critical molecule in the development of chemoresistance in tKi-exposed non-small cell lung cancer (nSclc) cells. translocation of Stat3 from the cytoplasm to the nucleus occurs in tKi-exposed cells. cytoplasmic and nuclear extracts were subjected to western blot analysis using an anti-Stat3 antibody. β-tubulin and Histone H3 were used as loading controls for cytoplasmic and nuclear protein extracts, respectively. the inhibitor of nuclear translocation, leptomycin B was present at 50 nM for 6 h before extraction. P, parental; G, gefitinib-exposed; E, erlotinib-exposed. lines were markedly higher than parental cells. in this study, we observed that Snail, a key regulator of eMt, expression in tKi-exposed cells was slightly higher in the exposed compared to the parental cells. We also detected decreased levels of e-cadherin and increased levels of vimentin in tKi-exposed cells.
STAT3 activation does not depend on EGFR.
to examine the possibility that Stat3 is activated through a direct physical interaction between Stat3 and egfr, an immunoprecipitation assay was performed. as shown in Fig. 8B , parental H1299 cells exhibit slight binding between Stat3 and egfr in the normal physiological state, however, after long-term exposure to egfr-tKi the binding of Stat3 to egfr was inhibited when identical amounts of total proteins were used for pulldown by an anti-Stat3 or -egfr antibody. to further explore whether the mechanism of Stat3 activation was independent of egfr, we used cetuximab as a treatment to block egfr dimerization in egfr-tKi-exposed cells. as shown in fig. 8a , cetuximab did not affect the abundance of P-Stat3. . in order to explain the mechanisms of activation of Stat3, we measured the level of il-6 and -22 in the supernatant of culture media harvested from our cell experiments. for H1299 cells there was no significant difference between the levels of these cytokines released from tKi-exposed and parental cells ( fig. 9 ).
STAT3 activation is independent of
IGF-1R and c-MET are not involved in chemoresistance.
We examined whether there were other mechanisms, which had been reported to potentially contributed to chemoresistance, including several major proteins of igf-1r signaling, c-Met, phosphorylated nf-κB p65 and so on ( fig. 10) . However, our studies revealed there were no significant difference between parental and tKi-exposed cells.
Targeting STAT3 augments the efficacy of cytotoxic drugs against cells possessing EGFR with both L858R and T790M
mutations. given that chemotherapy is a primary treatment figure 10 . Detection of several potential mechanisms of chemoresistance induced by epidermal growth factor receptor-tyrosine kinase inhibitors (egfr-tKis). Western blot analyses of some proteins that are involved in resistance of egfr-tKis which may contribute to chemoresistance. GAPDH was used as a loading control. P, parental; G, gefitinib-exposed; E, erlotinib-exposed. figure 8. egfr protein has no effect on activation of signal transducer and activator of transcription 3 (Stat3). (a) H1299 cells were incubated with tKi alone or in combination with 2.5 µg/ml cetuximab (cet) for 48 h, followed by immunoblotting analysis. P, parental; G, gefitinib-exposed; E, erlotinib-exposed. (B) Co-immunoprecipitation between STAT3 and EGFR in H1299 and H292 cells. non-denatured extracts prepared from parental and gefitinib-exposed cells were immunoprecipitated with anti-Stat3, anti-egfr or a control igg antibody. the immune complexes and the input (20% of the extracts used in the immunoprecipitation step) were analyzed by immunoblotting with antibodies specific to STAT3 or EGFR. Figure 9 . Quantification of IL-6 and -22 by ELISA in cell culture supernatant. il-6 and -22 levels in the culture medium after being serum-starved and epidermal growth factor receptor-tyrosine kinase inhibitor (egfr-tKi)-exposed for 48 h were measured using eliSa. Data are shown as mean ± SD; statistical difference: one-way ANOVA/Dunnett's test, compared with the parental group. experiments were repeated three times. P, parental; g, gefitinib-exposed; E, erlotinib-exposed.
choice following egfr-tKi treatment failure, we investigated whether egfr-mt nSclc cells with resistance to egfr-tKi generate chemoresistance by similar mechanisms. H1975 cells (harboring two mutations of EGFR) were treated with gefitinib for 4 weeks and HCC827 cells (in which resistance to EGFR-TKI is due to c-MET amplification) were treated with gefitinib for 6 months to simulate clinical acquired tKi resistance. When, we assessed STAT3 after gefitinib treatment, we found that its phosphorylation was increased in H1975 cells (a representative of acquired EGFR-TKI resistance with the EGFR T790M mutation) but not in HCC827 cells (in which resistance to EGFR-TKI via c-Met amplification) ( fig. 11a and B) . Subsequently, H1975 cells, gefitinib-exposed for 4 weeks were treated in three groups: i) chemotherapeutic drug alone; ⅱ) chemotherapeutics drugs in combination with gefitinib; and ⅲ) NSC 74859 and cytotoxic drugs with gefitinib together (Fig. 11C) . Compared Figure 11 . Signal transducer and activator of transcription 3 (STAT3) inhibition enhances the antitumor effect of combining gefitinib with cytotoxic drugs in non-small cell lung cancer (NSCLC) cells bearing the EGFR T790M mutation. (A and B) STAT3 activation was observed in H1975 cells exposed to TKI, but not in HCC827 cells long-term exposed to gefitinib. P, parental; G, gefitinib-exposed; E, erlotinib-exposed. (C) Determination of IC 50 using the ccK-8 cell number assay in H1975 cells long-term exposed to gefitinib. Gef→Che, gefitinib removed and replaced by chemotherapeutic agents; Gef→Gef+Che, gefitinib continued and supplemented with chemotherapeutic agents; Gef→Gef+Che+N, gefitinib continued and supplemented with chemotherapeutic agents and NSC 74859. with cytotoxic drugs alone, all cells treated with gefitinib and cytotoxic drugs concurrently exhibited increased cytotoxicity. the ic 50 values were decreased, suggesting a synergistic or addictive interaction between gefitinib and the heterogeneous group of the four cytotoxic drugs (DDP, paclitaxel, gemcitabine and pemetrexed). The addition of NSC 74859 to the combination of gefitinib and cytotoxic drugs resulted in distinctly enhanced cytotoxic effects ( fig. 11D ). these data suggest that failure of egfr-tKi treatment may also result in activation of Stat3, and thus targeting the Stat3 pathway maybe helpful for subsequent chemotherapy.
Discussion
increased expression of egfr has been found in 40-80% of nSclc cases (14) (15) (16) . therefore, multiple approaches have been developed in order to inhibit egfr, such as competition for the extracellular domain by monoclonal antibodies (cetuximab) or the inhibition of egfr tyrosine kinase activity by small molecules interacting with the intracellular domain (erlotinib, gefitinib and afatinib).
the characterization of egfr-mts was a crucial discovery associated with high efficacy of biomarker-driven treatment (17) . As a result, EGFR-TKIs are now the treatment of choice for patients with egfr-mutated tumors (18, 19) .
for chemotherapy-naive advanced nSclc patients, several clinical trials with biomarker-driven selection (eurtac, oPtiMal, Wjtog3405, and nej002) have proven that a statistically significant and clinically relevant increase in PF was obtained using tKis compared to chemotherapy (4, (20) (21) (22) . nevertheless, subgroup analysis based on molecular analyses (iPaSS and first-Signal) revealed that chemotherapy was significantly better than EGFR-TKIs in EGFR-wt patients (3, 8) . it has been proposed that some egfr-wt or status-unknown NSCLC patients who undergo first-line EGFR-TKI treatment have a worse prognosis and lower response rate to chemotherapy, according to the results of gridelli et al in the torcH study (tarceva or chemotherapy) (10) .
Despite the fact that egfr-tKis are not generally more efficacious than chemotherapy for unselected patients, and is not recommended to treat patients whose egfr status is unknown, in practice it is reasonable for gefitinib or erlotinib to be used as an exploratory treatment for patients whom have never smoked or have been light smokers. for instance, egfr-mts occur in ~50% of asian patients with nSclc (23) . Standard egfr mutation analysis requires a minimum amount of tumor tissue, however, for a large proportion of advanced nSclc patients this may not be available. in addition, methods such as 'liquid biopsy' that study circulating lung cancer cells or that analyze 'free tumor Dna' in the plasma still have a lot of problems to conquer, including a low concordance rate between plasma and in situ biopsy (24) . usually, after undergoing a 4-week exploratory treatment, the tumor response will be reassessed using response evaluation criteria in solid tumors (reciSt) compared with base-line data. following a tumor response of partial response (Pr) or stable disease (SD), tKi treatment will continue, otherwise, tKi will be replaced with chemotherapy.
Due to the likelihood that chemotherapy-naive patients with egfr-wt could possibly be treated with egfr-tKis, we decided to evaluate the influence of egfr-tKis on subsequent chemotherapy in a culture system model. the outcomes showed that egfr-tKis had an adverse effect on the subsequent chemotherapy for any of the four agents we tested: DDP, paclitaxel, gemcitabine and pemetrexed. Our findings strongly support that continuous exposure to egfr-tKis before chemotherapy results in chemoresistance in egfr-wt nSclc cells.
our study found that continuous egfr-tKi exposure actually induces high-level activation of Stat3 signaling and rescue of aKt/mtor. interestingly, the inhibition of Stat3 completely deleted the phosphorylation of aKt, but not vice versa. Moreover, inhibition of Pi3K did not affect the level of phospho-aKt. these results showed that sustaining egfr-tKi exposure deprived function of Pi3K, an upstream regulator of aKt, while overactivation of Stat3 replaced the role of Pi3K to re-foster the aKt/mtor pathway. our data support previous findings that STAT3 activation regulates aKt activation upstream of aKt pathway in egfr-wt nSclc when exposed to egfr-tKi (25) , and indicates that overactivation of Stat3 plays a critical role in response to long-term egfr-tKi exposure.
During consecutive, long-term exposure to egfr-tKis, Stat3 is activated, as shown by increased levels of P-Stat3, DNA binding, and transcriptional activity (26, 27) . The finding in our present study is that the activation of STAT3 is tightly correlated with the signals for survival and growth arrest. H1299 cells responded with an upregulation of Bcl-2, Bcl-xL, Mcl-1 and survivin which represent anti-apoptotic signals. additionally, downregulation of c-Myc, cyclin D1 and an increase of P27KIP1 indicated cell growth arrest. These findings contradict recent reports of a direct correlation among cyclin D1, c-Myc and Stat3 (28) , but the downregulation of c-Myc by activation of Stat3 in tumor tissues has also been reported by other researchers (29) , and cyclin D1 potentially creates a negative feedback loop onto Stat3 (30) . in addition, Stat1 has been demonstrated to suppress c-Myc and cyclin D1 expression as a negative transcriptional regulator which relates to cell cycle arrest and an increase of P-Stat1 was observed in tKi-exposed cells in our experiments (31) (32) (33) . Previous investigations have reported that Stat3 could lead to eMt, which may be helpful for chemoresistance (34-36), eMt was observed in tKi-exposed cells. therefore, our study showed that Stat3 activation in response to continuous egfr-tKi exposure further resulted in chemoresistance via multiple mechanisms.
to support the hypothesis that Stat3 was the major effector molecule, we used an inhibitor of STAT3 (NSC 74859) to treat cells long-term exposed to tKis, and examined the sensitivity of these cells to cytotoxic agents in vitro. We found that the tKi preconditioned cells regained sensitivity to cytotoxic agents, to a large degree. considering our results obtained both in vitro and in vivo, we believe that we can provide a plausible explanation for these discordant results; that Stat3 play a major role in the adverse effects.
it is well known that igf-1r and nf-κB signaling, as well as Met amplification involving in egfr-tKi resistance both de novo and acquired (37,38). As we have shown here that Stat3 has negative effects on cytotoxic agents, igf-1r and Met were not essential partners for this in H1299 cells.
activation of Stat3 has been reported to occur through binding of the il-6 family of cytokines to the gp130 receptor (35) . High levels of il-6, which was secreted by egfr-tKi, was induced in several cell lines (39, 40) . inconsistent with the known effects of il-6 on Stat3 signaling (40-42), we found il-6 as well as il-22 was not essential for activating Stat3 in long-term egfr-tKi-exposed nSclc. our study also showed a reduction in the level of egfr/Stat3 complex in continuously tKi-exposed cells, differently from in short-exposed (25) . as cetuximab has no effect on the activation of Stat3, we incline to believe that a negative correlation exists between activation of Stat3 and egfr in this study. it will be important to further examine how Stat3 be activated in our follow-up studies.
The EGFR TKI-resistant cell line H1975 harbors a double mutation (L858R and T790M) in the EGFR gene. T790M is sometimes present as a minor allele before egfr-tKi therapy and accounts for about half of the acquired resistance cases.
Several clinical trials have suggested that second-line erlotinib treatment was effective in those who had prior disease control with first-line gefitinib. other research shows that continuation of an egfr-tKi with chemotherapy compared to chemotherapy alone significantly increases the ORR but not PfS and oS in patients with advanced nSclc and acquired tKi resistance (43) . indeed, in our in vitro results, egfr tKi with chemotherapy was more effective than chemotherapy alone against H1975 TKI-exposed cells. Considering that the activation of the Stat3 signaling pathway has also been demonstrated both in H1975 TKI-exposed and parental cells, we combined NSC 74859 with gefitinib and chemotherapy agents in H1975 TKI-exposed cells. There was a significant synergistic killing effect from combination treatment with NSC 74859, which is in accordance with results from several other researchers.
in our study, we focused on egfr tKis as frontline agents prior to chemotherapy. our results raise the possibility that exposure to egfr-tKis possibly activates Stat3. Similarly, Haura et al (44) found that patients with early-stage nSclc who received 4 weeks of treatment with gefitinib (250 mg daily) before surgical resection had abundant expression of P-Stat3 in their surgically resected tumors. thus, the use of egfr-tKi as exploratory treatment on patients with unknown egfr-mt status must be considered with caution and prudence.
in conclusion, whether there is de novo or acquired resistance to chemotherapy by persistent activation of Stat3, a combination strategy of chemotherapeutic with Stat3 inhibitor may be beneficial for NSCLC patients. We believe that our in vitro and in vivo xenograft models sufficiently support that targeting Stat3 is a strategy worth considering for circumventing egfr-tKi resistance in patients.
